Background-Lymphocytic myocarditis is a clinically important condition that is difficult to diagnose and distinguish. We hypothesized that the transcriptome obtained from an endomyocardial biopsy would yield clinically relevant and accurate molecular signatures. Methods and Results-Microarray analysis was performed on samples from patients with histologically proven lymphocytic myocarditis (nϭ16) and idiopathic dilated cardiomyopathy (nϭ32) to develop accurate diagnostic transcriptome-based biomarkers using multiple classification algorithms. We identified 9878 differentially expressed genes in lymphocytic myocarditis versus idiopathic dilated cardiomyopathy (fold change Ͼ1.2; false discovery rate Ͻ5%) from which a transcriptome-based biomarker containing 62 genes was identified that distinguished myocarditis with 100% sensitivity (95% confidence interval, 46 to 100) and 100% specificity (95% confidence interval, 66 to 100) and was generalizable to a broad range of secondary cardiomyopathies associated with inflammation (nϭ27), ischemic cardiomyopathy (nϭ8), and the normal heart (nϭ11). Multiple classification algorithms and quantitative real-time reverse-transcription polymerase chain reaction analysis further reduced this subset to a highly robust molecular signature of 13 genes, which still performed with 100% accuracy. Conclusions-Together, these findings demonstrate that transcriptomic biomarkers from a single endomyocardial biopsy can improve the clinical detection of patients with inflammatory diseases of the heart. This approach advances the clinical management and treatment of cardiac disorders with highly variable outcome. (Circulation. 2011;123:1174-1184.)
T he myocardites are inflammatory diseases of the heart that have variable clinical presentations and are caused by a range of underlying inflammatory variants. 1, 2 Of newonset heart failure, 10% to 30% may be caused by cardiac inflammation, and viral infection, 3, 4 systemic or local inflammatory diseases, and genetic predisposition represent inciting factors. [5] [6] [7] Myocarditis can be difficult to diagnose, requiring multiple endomyocardial biopsies (EMBs). 8 -11 Even with multiple biopsies, consensus among pathologists has been difficult to attain. 12 Inaccurate or uncertain diagnosis is of major concern because emerging therapies specifically targeting inflammatory or viral heart disease have the potential to reverse the disease process. 11, [13] [14] [15] In a previous decision analysis investigating the value of EMBs in improving clinical outcome with specific therapy, histological inaccuracy was a major limiting factor for treatment efficacy. 11 
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Current attempts to improve diagnostic accuracy include screening for viral RNA in EMBs, 16, 17 serum antiheart autoantibodies, 16 and use of magnetic resonance imaging. 18, 19 Transcriptomics has emerged as a highly valuable tool for complex pathological diagnosis. Examples include delineation of childhood tumors, 20 determination of organ rejection, 21, 22 and delineation between ischemic and nonischemic heart disease. 23 On the basis of recent findings indicating that a single EMB contains sufficient RNA to perform a microarray without amplification, 24, 25 we sought to test the hypothesis that the transcriptome could be used to create biomarkers that add diagnostic accuracy to clinical, pathological, and imaging modalities currently used to diagnose myocarditis.
Methods

Study Population
We performed transcriptomic analysis of EMBs in matched cohorts of patients with idiopathic cardiomyopathy (IDCM; nϭ32) and myocarditis (nϭ16) selected from a biorepository containing samples from patients with new-onset heart failure (nϭ350). The baseline conditions between groups were compared using Student's t test or Fisher exact test as appropriate and were found to have no differences (Table 1) . Similarity of baseline conditions was tested with the Student t test and Fisher exact test. There was no difference between the 2 groups. Four to 6 biopsy specimens were obtained from each patient and examined by an experienced cardiac pathologist. Myocarditis was defined according to Dallas criteria, 26, 27 whereas IDCM was a diagnosis of exclusion. 9 If the diagnosis was equivocal on the basis of standard histology, special stains were performed such as immunofluorescence for IgG, IgM, IgA, C1q, C3d, C4d, and fibrinogen and stains for acid fast bacilli, fungi, elastosis, glycogen, or iron accumulation.
One biopsy sample from each patient, obtained independently from the histological samples, was flash-frozen and stored in liquid nitrogen for microarray analysis. A total of 115 biopsy samples were included for microarray analysis in this study: 81 samples were newly processed and 34 samples from a previous study were included for validation. 23 Forty-eight samples were selected for our first transcriptomic study, including samples from patients with myocarditis (nϭ16) 26, 27 and IDCM (nϭ32) selected in a case-control fashion. In addition, samples from 6 patients with myocarditis and divergent baseline criteria were used for independent validation of the transcriptome-based biomarkers (TBBs). Furthermore, we tested the ability of the biomarker to detect active myocardial inflammation in patients with secondary cardiomyopathies associated with myocarditis (nϭ27). This group included patients with stress-induced cardiomyopathy (Takotsubo) (nϭ4), sarcoidosis (nϭ9), peripartum cardiomyopathy (nϭ6), arrhythmogenic right ventricular dysplasia (nϭ3), giant-cell myocarditis (nϭ3), and systemic lupus erythematosus (nϭ2). Finally, we tested the transcriptomic biomarker for myocarditis in samples from a previous study, 23 which included samples from patients with normal hearts (nϭ11), ischemic cardiomyopathy (nϭ8), and IDCM (nϭ15), and analyzed them with a prototype microarray, the Affymetrix U133A Gene Chip. By using this approach, we evaluated the generalizability of the molecular signature to various heart conditions, tested its performance in hearts free of disease, and evaluated its intraplatform reproducibility.
Transcriptomic Analysis
Total RNA was extracted and hybridized as previously described. 24, 25 Microarray data were normalized with robust multiarray average 28 and analyzed with significance analysis of microarrays 29 to identify differentially expressed genes in patients with myocarditis (nϭ16) compared with IDCM (nϭ32). The resulting gene list was further processed with MetaCore pathway analysis from GeneGo Inc (St. Joseph, MI). To determine the minimum number of differentially expressed genes required for the detection of patients with myocarditis, we used prediction analysis of microarrays. 20 The nearest shrunken centroid classifier was developed from a training set (nϭ33) consisting of two thirds of the data and applied to an independent test set (nϭ15) containing one third of the data. 20 After developing the TBB with a case-control design, we tested its performance in unmatched samples (nϭ6) with higher ejection fractions (65Ϯ4.7%) to evaluate generalizability.
To test whether previously established classification algorithms can further reduce the number of genes necessary for accurate prediction, we applied misclassification-penalized posteriors classification (MiPP), a novel classification software package. 22 We subsequently applied the following classification rules implemented in the MiPP package: supervector machine (svm) with radial basis function (rbf), svm with lineal function as kernel (lin), quadratic discriminant analysis (qda), lineal discriminant analysis (lda), and a combination of lda, qda, and svm-rbf. Models were based on 5-fold cross-validation in a training set (two thirds of data) and subsequent validation in an independent test set (one third of data).
To evaluate whether distinct models are generated from additional random splits, we performed 50 random divisions to develop individual classification models, which were then validated in 200 independent splits. In addition, we performed principal components analysis (PCA) to illustrate how well patients with myocarditis can be separated from patients with IDCM on the basis of the original 62-gene molecular signature and to test whether genes that we identified by MiPP analysis to be the most robust classifiers would also be discovered to be important when PCA was applied. PCA depicts highly robust classifiers with vectors having their end points far from the center.
Validation of Microarrays With Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction
Validation with real-time reverse-transcription polymerase chain reaction (RT-PCR) was performed in a randomly selected subset of patients (IDCM, nϭ10; myocarditis, nϭ10) with replication in triplicate. First-strand cDNA was synthesized from 100 ng total RNA and amplified with the MessageAmp II Amplification Kit. Importantly, this amplification step was performed only on validation samples, after the original biomarker was developed from pure total RNA that did not undergo any amplification, to eliminate any possibility of amplification bias that may affect the resulting molecular signature. TaqMan probes were designed for a subset of 13 
Molecular Signature to Distinguish Myocarditis From Noninflammatory Cardiomyopathy
We applied prediction analysis of microarrays in a training set containing two thirds of the data (IDCM, nϭ22; myocarditis, nϭ11) and evaluated its accuracy in an independent test set containing one-third of the data (IDCM, nϭ10; myocarditis, nϭ5). The developed transcriptomic diagnostic biomarker consisted of a minimal set of 62 transcripts (Table 2) .
When the molecular signature was tested in matched independent samples (nϭ15), it performed with 100% accuracy (sensitivity, 100%; 95% confidence interval [CI], 46 to 100; specificity, 100%; 95% CI, 66 to 100; positive predictive value, 100%; 95% CI, 46 to 100; negative predictive value, 100%; 95% CI, 66 to 100; Figure 2 ). All samples were predicted correctly regardless of degree of inflammation (borderline or active myocarditis). We next tested the transcriptomic biomarker in an additional set of independent samples derived from patients with myocarditis (nϭ6), who presented with higher ejection fractions (65Ϯ4.7%) compared with the case-control samples. In this group, the molecular signature still identified 83% of patients with myocarditis correctly (sensitivity, 91%; 95% CI, 57 to 100; specificity, 100%; 95% CI, 66 to 100; positive predictive value, 100%; 95% CI, 66 to 100; negative predictive value, 91%; 95% CI, 57 to 100; data not shown).
Performance of Predictive Algorithm in Secondary Cardiomyopathy/Myocarditis
To evaluate generalizability in an additional relevant population, we applied the transcriptomic biomarker to biopsies from patients with secondary cardiomyopathies associated with myocarditis (stress induced cardiomyopathy, nϭ4; sarcoidosis, nϭ9; peripartum cardiomyopathy, nϭ6; arrhythmogenic right ventricular dysplasia, nϭ3; giant-cell myocarditis, nϭ3; and systemic lupus erythematosus, nϭ2). In this setting, the biomarker distinguished myocarditis with an accuracy similar to that of idiopathic myocarditis (sensitivity, 100%; 95% CI, 46 to 100; specificity, 95%; 95% CI, 75 to 100; positive predictive value, 83%; 95% CI, 36 to 99; negative predictive value, 100%; 95% CI, 80 to 100; Figure 3 ). Among this set of secondary cardiomyopathies, 5 biopsies were found to contain significant inflammatory changes based on immunohistochemistry, of which 1 was from a patient with stressinduced cardiomyopathy (sample STR2), 1 was from a patient with systemic lupus erythematosus (sample SLE1), and 3 were from patients with giant-cell myocarditis. Indeed, all samples were correctly identified as inflammatory cardiomyopathy, whereas in the remaining samples, the molecular signature successfully ruled out inflammatory disease with very high accuracy. Only 1 patient with sarcoidosis (sample SARC1) was misclassified. Significance analysis of microarrays (SAM) plot of differentially expressed genes in lymphocytic myocarditis vs idiopathic dilated cardiomyopathy (IDCM). There were 9878 genes differentially expressed in myocarditis (nϭ16) vs IDCM (nϭ32; qϽ5%; fold change Ͼ1.2), of which 2313 were overexpressed (red) and 7565 were downregulated (green). 
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In addition, we evaluated the biomarker performance in patients from a previous data set (nϭ34) 23 containing samples with ischemic cardiomyopathy (nϭ8), IDCM (nϭ15), and normal heart (nϭ11). All samples were correctly classified.
Additional Novel Classification Strategies
To obtain a parsimonious molecular signature, we first applied multiple established classification algorithms using the MiPP package in R that includes lda, qda, svm-rbf, and svm-lin. When applied to the 62-gene signature, these algorithms identified a highly diagnostic set of 3 transcripts (mean error, 0.167 in independent validation sets; nϭ18). Table 3 contains the mean error for each established set of genes developed by individual rules or combinations of rules.
We continued our analysis by testing whether a different random split of data would reveal distinct models. Splitting of data into a training (two thirds) and test (one third) set and selecting a model for a given split were repeated 50 times. Validation of a 62-gene molecular signature in an independent test set (idiopathic dilated cardiomyopathy, nϭ10; myocarditis, nϭ5) using prediction analysis of microarrays (PAM). Samples identified as noninflammatory cardiomyopathy are illustrated in blue; samples identified as myocarditis are illustrated in red. The y ordinate illustrates the predicted test probability values obtained from PAM analysis; the x ordinate lists the number of samples. Although samples were assigned to different classes with varying probability values, the classification accuracy of the transcriptomic biomarker was 100%.
KRT78, MSI1, POU4F1
, and LCE1 and the transcript 1556507_at resulted as top classifiers (mean error, 0.086 after validation in 200 independent splits; Table 4 ). As an additional measure for performance of a given gene model, we evaluated mean standardized MiPP, a parameter that approximates 1 with increasing accuracy. When the top 5 gene models (Table 4) were validated in 200 independent random splits, mean standardized MiPP ranged from 0.776 to 0.791 (Table 4) . Because those models were built from 50 initial random splits, it is likely that identical gene clusters are identified in subsequent splits, as occurred in our analysis (Table 4 ; splits 17 and 45). PCA is a valuable tool to illustrate the importance of individual genes for classification of their corresponding phenotype. In agreement with results from our MiPP analysis, the transcripts 1556507_at, KRT78, LCE1E, MSI1, and POU4F1 were identified as highly important, with vectors having their end points distant from the center ( Figure  4A ). Additional highly robust transcripts were ITGB2, HERC6, ADCY7, NEK3, and MEGF9, as well as the ESTs 1558605_at and 1565662_at (data not shown). In addition, PCA clustered patients with similar expression patterns as 1 principal component. As shown in Figure 4B , samples from patients with myocarditis noticeably separated from samples from patients with IDCM.
Validation With Quantitative Real-Time RT-PCR
To obtain technical validation of the results from microarray analysis, we performed real-time RT-PCR on a subset of 13 genes (Table 5) . Genes were selected from the resulting gene lists of our bioinformatic approach on the basis of biological plausibility and robustness as classifiers for lymphocytic myocarditis. Biological plausibility was defined according to pathway analysis, which identified those genes as being significantly involved in inflammation and remodeling.
The FC of most genes measured by quantitative real-time RT-PCR strongly correlated with data obtained from microarray analysis, except for MSI1, for which real-time RT-PCR data revealed much stronger downregulation in patients with myocarditis versus lymphocytic cardiomyopathy compared with microarray data. The genes with the highest FC accord- Figure 3 . Prediction analysis of microarrays applying the developed molecular signature for inflammatory cardiomyopathy in patients with secondary cardiomyopathy (nϭ27). Samples identified as noninflammatory cardiomyopathy are depicted in blue, while samples identified as inflammatory cardiomyopathy are depicted in red. The transcriptomic biomarker performed with 100% sensitivity and 95% specificity in identifying inflammation in patients with stress-induced cardiomyopathy (STR; nϭ4), sarcoidosis (SARC; nϭ9), peripartum cardiomyopathy (PERI; nϭ6), arrhythmogenic right ventricular dysplasia (ARVD; nϭ3), giant-cell myocarditis (GC; nϭ3), and systemic lupus erythematosus (SLE; nϭ2). One patient with STR (sample STR2) and another with SLE (sample SLE1) were identified as inflammatory cardiomyopathy. Indeed, when results from immunohistochemistry were revised, those 2 samples contained significant lymphocytic infiltrates. One sample from the group with sarcoidosis (sample SARC1) was misclassified as inflammatory cardiomyopathy, but the report from histopathology revealed no signs of inflammation. All samples from patients with giant cell myocarditis were correctly identified. Table 5 ). However, among the 5 candidate genes from MiPP analysis, KRT78 and POU4F1 could not be confirmed with real-time RT-PCR. Because KRT78 appeared highly robust as a classifier based on microarray results, we used 2 different primer pairs to detect either the 3Ј or the 5Ј end of the gene sequence. However, neither of them was able to detect KRT78 in any of the samples. When we used total RNA from immortalized keratinocytes as positive control, we received a signal from each primer pair. To exclude the possibility of cross-hybridization that may have occurred on the microarray assay, we performed a batch search in the National Center for Biotechnology Infronation database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the target sequence that was used on the Affymetrix chip. However, there was no significant sequence homology with any gene other than KRT78. Despite this minimal incoherence between microarray analysis and the more specific real-time RT-PCR, we minimized the diagnostic biomarker to a very small set of 13 genes that performed highly robustly with both methods (100% sensitivity, 100% specificity; Figure 5 ). Finally, we confirmed overrepresentation of HLA-DQ1ϩ patients in myocarditis (60%), whereas only 20% of patients with IDCM were positive for DQ1 (data not shown) by real-time RT-PCR.
Table 3. Most Predictive Gene Signatures Identified by Misclassification-Penalized Posteriors Classification in a Data Set of Patients With Myocarditis (n‫)61؍‬ Versus Idiopathic Dilated Cardiomyopathy in Training (n‫)23؍‬
When applied to a subset of myocarditis patients with higher ejection fractions, the 13-gene signature performed with a sensitivity of 75% (95% CI, 36 to 96), specificity of 100% (95% CI, 52 to 100), positive predictive value of 100% (95% CI, 52 to 100), and negative predictive value of 75% (95% CI, 36 to 96).
Discussion
Distinction of inflammatory compared with noninflammatory cardiomyopathies by standard histology represents a major diagnostic challenge. 9, 27, 30 Moreover, delineating between different inflammatory cardiomyopathies with highly variable clinical courses is an even more challenging task. 3, 31 Given the emerging value of transcriptomics to add greatly to the accuracy of complex diagnoses, 23, 32, 33 we sought to apply this technology to the problem of diagnostic inaccuracy in myocarditis. Here, we report our success with this approach.
Inflammatory disorders of the heart are notoriously difficult to diagnose because of the patchy nature of the inflammation. 11 In addition, a wide variety of underlying inflammatory conditions with highly variable clinical outcomes can affect the heart. 2 Here, we used the transcriptome obtained from a single EMB to develop a biomarker that enhances diagnostic accuracy for lymphocytic myocarditis. Our findings are in agreement with previous transcriptomic approaches in heart disease. [23] [24] [25] 33, 34 Specifically, Ruppert et al 35 reported a set of 42 genes that are different between inflammatory versus noninflammatory cardiomyopathy. Their findings suggested that the transcriptomes of various subtypes of cardiomyopathy differ significantly from each other and that these differences may be used as a diagnostic biomarker, as shown successfully here. Consistent with the data from Ruppert and colleagues, 35 we found significant activation of the Toll-like receptor signaling pathway in inflammatory cardiomyopathy. In particular, genes such as TLR1, TLR2, TL7, and CD14 were overexpressed in patients with myocarditis compared with IDCM. 36 Furthermore, in agreement with their findings, we found more overexpressed than downregulated genes in inflammatory compared with noninflammatory cardiomyopathy. Entirely novel in our study was the identification of the smallest set of genes required to identify inflammatory cardiomyopathy from a single EMB and validation of the developed molecular signature in multiple independent sets of samples consisting of various types of cardiomyopathy and normal heart.
We have previously used TBBs to distinguish between idiopathic and ischemic cardiomyopathy 23 and to predict longterm prognosis in new-onset dilated cardiomyopathy. 24 Margulies and colleagues 37 discovered a biomarker that predicts recovery from heart failure, and Deng and coworkers 34 developed a molecular signature that detects early cardiac transplant rejection that has now entered the clinic. 21 Our discoveries reported here are clinically relevant because high diagnostic sensitivity in cardiomyopathy facilitates the appropriate use of new myocarditis-specific therapies. 2,3,12-15,38 -42 Early and accurate diagnosis of this condition is essential to avoid excessive myocardial damage resulting from failure to apply therapies. New candidate therapies for myocarditis include antiinflammatory cytokines, 42 antiviral agents, and immunoabsorption. 2,3,12-15,38 -42 In this regard, interferon B therapy has been safely applied in humans, leading to increased left ventricular function and elimination of viral infection. 13 Immunoglobulin administration 41 in acute myocarditis and application of calcium channel blockers 42 are potential approaches with promising preliminary data that require further evaluation. Although immunosuppressive therapy in inflammatory cardiomyopathy is highly controversial, 12 Genes obtained from 50 random splits were further validated in 200 independent random splits. Results from the top 5 gene clusters with the lowest mean error (ER) are given. Mean sMipp is an additional parameter for performance and converges toward 1 as accuracy of the model increases. sMiPP indicates standardized MiPP.
there is growing consensus that early identification and treatment of myocarditis are crucial for positive outcome.
Our diagnostic biomarker also performed accurately in patients with secondary cardiomyopathies associated with inflammation. For example, patients with systemic lupus erythematosus, sarcoidosis, or peripartum cardiomyopathy Figure 4 . Principal components analysis (PCA) of patients with myocarditis vs idiopathic dilated cardiomyopathy (IDCM). To illustrate the significance of each of the 62 genes for phenotypic categorization, we performed PCA with correlation matrix in samples from patients with myocarditis (nϭ16) or IDCM (nϭ32) with genes as variables. Genes are labeled with serial numbers, and expression levels of each individual gene are illustrated as eigenvector toward the class in which they are overexpressed. Vectors close to the center with close to vertical direction depict genes that were less robust; genes that were highly specific for a phenotype are illustrated as vectors with an end point distant from the center directing toward the corresponding clustered set of samples of a specific phenotype. A, Encircled genes were repeatedly identified to be the most robust markers of myocarditis when various algorithms of misclassified-penalized posterior classification were applied. Output from PCA places those genes both far from the center and distant from the vertical line, confirming that these are highly robust classifiers for myocarditis. B, Clustered samples from patients with myocarditis are labeled M; IDCM samples are labeled I. All samples from myocarditis except 2 were noticeably grouped together, suggesting that a small set of 62 genes enable clear distinction between patients with inflammatory heart disease and IDCM. Importantly, those 2 samples were also misclassified in our heat map analysis, whereas prediction analysis of microarrays identified both of them correctly. have significant incidences of myocarditis, which has clinical importance in these conditions. The TBB had a similar degree of accuracy in this population. In patients with giant-cell myocarditis, a very aggressive form of myocarditis, the TBB accurately detected 3 of 3 patients.
Accurate diagnosis is also critical for prognostic assessment because clinical outcome in inflammatory cardiomyopathies correlates with disease origin. 9, 10 On the basis of previous findings from others 20, 22, 34 and our group, 23, 24 we argue that TBBs add valuable information to a comprehensive diagnostic evaluation of new-onset heart failure. TBBs obtained from peripheral blood or tissue samples have emerged as highly successful in neoplastic, 20 cardiovascular, 23, 24, 34, 44 and other disease processes. 22 To achieve an accurate biomarker, we used a broad range of bioinformatic approaches. 20,22-25,29,34,37,44 -46 These included significance analysis of microarrays, prediction analysis of microarrays, MiPP, unsupervised hierarchical clustering, and PCA. Using significance analysis of microarrays, we discovered a large number of differentially expressed genes in lymphocytic myocarditis compared with IDCM. Importantly, and predictably, differentially expressed genes involved multiple biological networks with inflammatory components. Using these differentially expressed genes, we identified a subset that functioned as highly accurate biomarker using nearest shrunken centroids.
To find the smallest set of genes for classification, we used svm-rbf, svm-lin, qda, lda, and a combination of lda, qda, and svm-rbf in MiPP. Overall, all rules applied in MiPP consistently revealed 5 classifiers, which were further confirmed with PCA. Interestingly, 2 of those 5 robust predictive genes were not found to be present when quantitative real-time RT-PCR was used for validation. Finally, we developed a highly parsimonious biomarker using MSI1 and LSI1 in combination with a subset of biologically relevant genes selected from the prediction analysis of microarrays-derived 62-gene TBB and from significance analysis of microarrays analysis and evaluated this signature using real-time RT-PCR; the 13-gene signature performed with perfect accuracy in the independent test set of our case-control study. The observation that mean FCs obtained from real-time RT-PCR were not entirely identical to the results from significance analysis of microarrays analysis underlines the strength of molecular signature analysis for the development of biomarkers, a classification strategy that emphasizes differentially expressed gene expression patterns rather than individual genes. Because the expression level of an individual gene may vary across a population that shares the same phenotype, the overexpression or downregulation of an entire cluster of genes is more specific for a disease.
From these findings, we conclude that both the transcriptomic biomarker derived from prediction analysis of microarrays analysis and the parsimonious molecular signature that resulted from multiple classification algorithms and testing for biological plausibility performed highly accurately and should be clinically valuable tools for the detection of myocarditis. Although the more comprehensive biomarker of 62 genes performed with slightly higher accuracy, the 13-gene molecular signature is more practical for clinical application.
Because our original data set in which we developed the TBB was matched in a case-control fashion, we further evaluated whether the molecular signature is generalizable or is possibly overfit to this particular study design. 33, 47 It has been shown that confounding factors such as gender, age, and therapy can affect gene expression. 25, 33, [47] [48] [49] When the TBB was applied in an additional validation set containing samples from patients with an average ejection fraction that was twice as high as the average ejection fraction of the original data set (65% versus 30%), the biomarker performed with almost perfect accuracy. Furthermore, the transcriptomic biomarker was broadly applicable to various cardiomyopathies and normal heart and performed highly accurately in data derived with a prototype microarray, confirming intraplatform reproducibility.
Both molecular signatures require testing in a clinical trial to evaluate the diagnostic value of those biomarkers compared with a combination of current diagnostic tools such as magnetic resonance imaging, ECG, cardiac enzymes, viral screening, and auto-heart antibodies. Most likely, its addition to current diagnostic standards will dramatically increase sensitivity for myocarditis. The ability to detect inflammatory components such as involvement of the complement cascade toll-like receptor pathway or genes involved in cell adhesion such as ITGB2 by microarray analysis may explain why this technology is able to identify myocarditis with much greater sensitivity at an earlier stage than standard histology, a method that requires the presence of inflammatory cells.
Although the main goal of this study was to develop a highly accurate biomarker to distinguish lymphocytic myocarditis from IDCM, our results also provide insight into disease pathophysiology at the molecular level. Among overexpressed genes in myocarditis was CD8, involved in inflammation and binding and reported to play a fundamental role in myocarditis. 30 Interestingly, a pathway involving the thyroid-stimulating hormone receptor was overexpressed in patients with myocarditis, implicating potential pathophysiological overlap with inflammatory thyroid disease, a finding clinically established for giant cell myocarditis (Graves disease). 50 There was overrepresentation of patients positive for the HLA-DQ1B locus in myocarditis compared with IDCM, suggesting possible susceptibility for lymphocytic myocarditis in this group.
Many transcripts involving structural proteins and muscle development (late cornified envelope 1E, collagen type I) were downregulated in myocarditis, possibly explaining structural defects and consequent dilatation in patients with this type of disease.
Study Limitations
Although the collection of samples and clinical data over a 10-year period is a major strength of this study, a consequent limitation is the diagnosis of our patients according to the Dallas criteria, 26, 27 which were standard when the study was initiated but have been suggested to have limited sensitivity. In the meantime, several investigators suggested screening for serum anti-heart antibodies 16 and viral RNA 31 in EMBs. This technical drawback notwithstanding, all patients received comprehensive testing in a highly specialized institution. We anticipate that in the future, the transcriptomic approach coupled with determination of viral persistence and/or use of highly specific imaging techniques might enhance diagnostic accuracy and be used for further diagnostic refinement to distinguish between viral and nonviral causes of myocarditis. Ongoing work is underway to evaluate whether the presented transcriptomic biomarker will also be able to detect samples from patients with myocarditis, in whom comprehensive diagnostic testing was required to detect disease but diagnosis of myocarditis would have been missed by Dallas criteria.
Another limitation of this study that warrants mention is that the number of samples with secondary cardiomyopathy was small owing to the known low incidence of these types of myocardial diseases. Consequently, negative and positive predictive values were estimated on the basis of small sample size.
In short, we discovered a TBB derived from a single EMB that identified samples with lymphocytic myocarditis with very high accuracy. Our findings are highly relevant for clinical application because this novel diagnostic tool exceeds the sensitivity and specificity of any previously applied technology. The molecular signature was highly robust and replicated multiple times by a broad set of established classification algorithms. Validation in 3 independent data sets revealed high diagnostic accuracy, and genes within the transcriptomic biomarker suggest biological plausibility. Altogether, using this approach dramatically increases the diagnostic accuracy of a single EMB, which may be of critical importance to the development and allocation of emerging specific therapies for inflammatory conditions of the heart.
